Ice-binding proteins (IBPs) affect ice crystal growth by attaching to crystal faces. We present the effects on the growth of an ice single crystal caused by an ice-binding protein from the sea ice microalga Fragilariopsis cylindrus (fcIBP) that is characterized by the widespread domain of unknown function 3494 (DUF3494) and known to cause a moderate freezing point depression (below 1°C). By the application of interferometry, bright-field microscopy, and fluorescence microscopy, we observed that the fcIBP attaches to the basal faces of ice crystals, thereby inhibiting their growth in the c direction and resulting in an increase in the effective supercooling with increasing fcIBP concentration. In addition, we observed that the fcIBP attaches to prism faces and inhibits their growth. In the event that the effective supercooling is small and crystals are faceted, this process causes an emergence of prism faces and suppresses crystal growth in the a direction. When the effective supercooling is large and ice crystals have developed into a dendritic shape, the suppression of prism face growth results in thinner dendrite branches, and growth in the a direction is accelerated due to enhanced latent heat dissipation. Our observations clearly indicate that the fcIBP occupies a separate position in the classification of IBPs due to the fact that it suppresses the growth of basal faces, despite its moderate freezing point depression.
Ice-binding proteins (IBPs) affect ice crystal growth by attaching to crystal faces. We present the effects on the growth of an ice single crystal caused by an ice-binding protein from the sea ice microalga Fragilariopsis cylindrus (fcIBP) that is characterized by the widespread domain of unknown function 3494 (DUF3494) and known to cause a moderate freezing point depression (below 1°C). By the application of interferometry, bright-field microscopy, and fluorescence microscopy, we observed that the fcIBP attaches to the basal faces of ice crystals, thereby inhibiting their growth in the c direction and resulting in an increase in the effective supercooling with increasing fcIBP concentration. In addition, we observed that the fcIBP attaches to prism faces and inhibits their growth. In the event that the effective supercooling is small and crystals are faceted, this process causes an emergence of prism faces and suppresses crystal growth in the a direction. When the effective supercooling is large and ice crystals have developed into a dendritic shape, the suppression of prism face growth results in thinner dendrite branches, and growth in the a direction is accelerated due to enhanced latent heat dissipation. Our observations clearly indicate that the fcIBP occupies a separate position in the classification of IBPs due to the fact that it suppresses the growth of basal faces, despite its moderate freezing point depression.
ice-binding protein | ice crystallization | growth rates | Fragilariopsis cylindrus | DUF3494 I ce-binding proteins (IBPs) have a prominent position among molecules and particles interacting with ice due to the fact that they are particularly successful in affecting ice crystal growth. Also referred to as antifreeze proteins (AFPs), IBPs have been found in several polar or cold-tolerant organisms (reviewed in ref. 1) . These proteins cause, among other effects, a thermal hysteresis (TH; i.e., a shift of the freezing point below the melting point). Based on this activity, two main IBP groups have been identified. At identical protein concentrations, moderate IBPs cause a TH of up to 1°C, while hyperactive IBPs induce a much stronger freezing point depression. Moreover, the variance of effectiveness becomes evident from morphological changes of the ice crystal (2) . For example, at temperatures slightly below the freezing point, ice crystals in the presence of moderate fish IBPs have a bipyramidal shape and grow preferentially along the c axis. However, the preferential growth occurs along the a axis in the presence of hyperactive IBPs, resulting in planar ice crystals.
The mechanisms by which IBPs inhibit crystal growth and underlying causes of TH activity differences among various protein groups remain unclear. In this regard, several studies have pointed to a match between certain molecules on the icebinding site (IBS) of the proteins and defined crystallographic faces of the ice crystals, which allow the formation of stable attachment of IBPs to the ice. In contrast, the high effectiveness of hyperactive proteins has been often attributed to their additional match to the basal face and therefore, their ability to inhibit growth of the crystals along the c axis (3, 4) .
The ice-binding proteins from the sea ice diatom Fragilariopsis cylindrus (fcIBPs) belong to the protein family characterized by the "domain of unknown function" 3494 (DUF3494) as the domain is referred to in the Pfam database. This IBP family was described at first with proteins from the snow mold fungus Typhula ishikariensis (5) and from a few diatom species (6) . It was later identified in several polar organisms, having likely been transported by horizontal gene transfer (7, 8) . The DUF3494 IBPs represent today the most widespread of the known IBP families and can be found in bacteria (9) (10) (11) , diatoms (12, 13) , yeast, and other fungi (14-17) among others.
The classification of fcIBPs as moderate or hyperactive from properties described for these proteins is challenging. If we apply the classical scheme described above, which considers the link between TH activity, face affinity, and crystal morphology, fcIBPs and other DUF3494 IBPs cannot be described as moderate or hyperactive. For example, fcIBP11 is known to have a moderate TH activity, but the crystal morphology shows a planar dendritic pattern (18) as is usually attributed to hyperactive IBPs. The peculiarity of this protein family has been mentioned in the description of other DUF3494 IBPs with moderate TH activity (11, 19, 20) and can also be observed in the IBP from the grass Lolium perenne (21) .
Significance
Ice-binding proteins (IBPs) can be considered a prominent example of macromolecules affecting ice growth kinetics. Until now, two groups of IBPs have been described based on their activity as ice growth inhibitors: moderate and hyperactive IBPs. The mechanism underlying these activity differences has not been clarified yet. Although it is commonly believed that hyperactivity is related to growth inhibition of the basal faces of ice crystals, we show that a moderate IBP can also attach to the basal faces and inhibit their growth. Our observations clearly indicate that this moderate IBP occupies a separate position in the classification of IBPs and contribute to our understanding of interaction between macromolecules and ice and more generally, between macromolecules and inorganic crystals.
However, any data on ice growth kinetics in the presence of fcIBPs or any DUF3494 IBP for that matter are entirely missing. Previous publications regarding crystal morphology and growth direction in the presence of DUF3494 IBPs or ice-binding proteins from L. perenne (LpIBPs) refer to image analyses using only the smallest crystal sizes, around 10-50 μm in diameter (16, (21) (22) (23) . Although this approach is very helpful for the assessment of protein activity, the usage of small microcrystals does not provide a clear distinction of morphological details and may, therefore, introduce ambiguities in the determination of the orientation of crystallographic axes. Furthermore, experimental factors, like cooling rate and initial crystal size, have been shown to affect the results (24) .
In the following, we present a characterization of the growth process of ice single crystals in the presence of fcIBP11. We show the morphology and growth rates of ice crystals and the localization of fluorescently labeled fcIBP11 on the different faces of ice crystals. We interpret our results in the context of growth kinetics and protein activity and question whether fcIBP11 occupies a separate position in the actual classification of IBPs as moderate or hyperactive proteins.
Materials and Methods
The Protein. We used the IBP isoform 11 from the Antarctic sea-ice diatom F. cylindrus, fcIBP11 (GenBank accession no. DR026070). Previous works on this isoform stressed its relevance as IBP in vivo, showing that fcIBP11 is actively expressed by F. cylindrus (6) and suggesting that it plays a role in the diatom as a response to freezing environmental conditions (12) , that it binds to ice, and that it has TH activity (18) . In this study, we focus on the effect of only one single isoform among the different fcIBPs to better understand its interaction with ice from the viewpoint of ice growth physics. Although cooperative effects with other isoforms are important, the elucidation of these effects will be our next challenge in the future after the clarification of the nature of fcIBP11. The protein is characterized by the domain classified in the Pfam database as DUF3494 and has a molecular mass of 26 kDa. fcIBP11 was recombinantly expressed (EMBL Heidelberg) as described in a previous publication (18) , whereby the protein solution was diluted and dialyzed in ultrapure water with a resistivity of 18 MΩ·cm. The use of pure water was chosen to focus on the effect of fcIBP11 on ice, excluding the possible influence of salts on ice crystal growth. Previous experiments had indicated that, at the protein concentrations considered here, the activity of fcIBP11 is not significantly affected by the absence of a buffer (SI Appendix, SI Text). The concentration of the fcIBP11 solution was limited by the low solubility of the protein in pure water and did not exceed 3 μM (80 μg/mL). For fluorescence observations, we used a fusion protein created by recombinantly joining the gene of a fluorescent protein [monomeric Kusabira Orange (mKO)] to the fcIBP11 gene. The mKO gene was placed at the 5′ end of the IBP sequence (GenScript and EMBL Heidelberg). The fusion protein mKO-fcIBP11 (molecular mass, 50 kDa) was expressed following the protocol for fcIBP11 (EMBL Heidelberg), and the protein solution was diluted and dialyzed in ultrapure water. Working solutions had a concentration of 1.6 μM (80 μg/mL). The fluorescent mKO protein has an excitation maximum at 548 nm (optimal for excitation with a green laser light) while emitting bright orange light at 559 nm.
Ice Growth Cell. We used the same ice growth cell in all measurements in the case of morphology and growth rates determination as well as for fluorescence microscopy. Ice single crystals were grown in a homemade free growth cell filled with the protein solution ( Fig. 1 ). The details of the cell have been explained in detail elsewhere (25) . The cell's inner chamber ( Fig. 1, 1) was filled with 1 mL of fcIBP11 solution set to a constant temperature with an accuracy of ±0.02°C using a thermistor ( Fig. 1, 10 ) and two Peltier elements ( Fig. 1, 3) , one at the top and the other at the bottom of the cell. A thin glass capillary, also filled with the solution (Fig. 1, 9) , protruded from outside of the cell into its inner chamber. Rapid freezing was initiated by the injection of a cold spray at the inlet (Fig. 1, 7) to induce the nucleation of ice crystals inside the capillary ( Fig. 1, 8) . After the formation of many microcrystals, usually only one single crystal reached the tip of the capillary due to geometrical selection and thereafter, was able to expand freely within the supercooled solution inside the chamber. The crystal orientation was adjusted for optimal visualization by rotating the capillary holder ( Fig. 1, 5) ; an example is shown in SI Appendix, SI Text. The experiment was halted when growing ice reached the walls of the inner chamber. This moment was determined by monitoring for a temperature increase due to the release of latent heat. The temperature was then set to 5°C until all ice was melted. At least three runs were made for each experimental condition.
Morphology and Growth Rates. To determine the morphology of ice single crystals as well as ice growth rates along the a and c axes, the free growth cell was set in a microscopic device that combined ordinary bright-field microscopy with Mach-Zehnder interferometry.
Bright-field microscopy was applied to determine the growth rates along the a axis by measuring the displacement of the dendrite's tips over time ( Fig. 2A ) as described previously by Vorontsov et al. (26) . The growth rates of the basal faces growing in the c direction were measured by Mach-Zehnder interferometry. We used a red laser beam of 670-nm wavelength and 5-mW power. The laser beam, which passed through the sample mostly perpendicular to the basal face, created interference patterns recorded by a CCD camera ( Fig.   Fig. 1 . Schematic drawing of the free growth cell with an ice single crystal (highlighted by blue dots) growing from the solution. Details of the setup are given by the inner growth chamber (1) filled with the protein solution, triple-glass windows (2), Peltier elements (3), heat sink (4) with circulating cooling water, capillary holder (5), tube filled with solution (6), inlet for cold shock application (7), the seed crystal formation area (8) located in the glass capillary (9) , and the thermistor (10). 2B). The changes of the interference pattern with time were directly related to changes in ice thickness Δh along the c axis. The time-dependent changes in signal intensity I(t) (Fig. 2C) , measured at selected points on the basal face of the crystal, were analyzed to determine Δh as follows:
where λ is the laser wavelength and N w = 1.3327 and N i = 1.3078 are the refractive indices of water and ice, respectively, at temperature T = 0°C. The change of the refractive indices in the temperature range analyzed here is negligible. Thus, the change in intensity I(t) for one period between the passage of the fringes corresponds to a change in crystal thickness Δh = 26.9 μm. The growth rate in c direction R c could be determined as R c = Δh/(2Δt) under the assumption that Δh was due in equal parts to changes on the two opposite basal faces of the crystal.
We performed experiments in a range of supercooling ΔT between 0°C and 0.5°C, where ΔT = T m − T with ice melting temperature T m = 0°C. We used fcIBP11 concentrations of 0.30, 1.5, and 3.0 μM, corresponding to 8.0, 40, and 80 μg/mL, respectively.
Fluorescence Microscopy. The protein localization at the ice-liquid interfaces in 1.5 μM mKO-fcIBP11 solutions was visualized by laser confocal fluorescence microscopy. The same free growth chamber as described above was used, applying supercooling between 0.1°C and 0.2°C. At first, the growth of an ice single crystal was monitored in the absence of laser light to avoid early photobleaching of mKO-fcIBP11 molecules. As soon as the crystal inside the capillary reached the tip, the green laser light with wavelength of 532 nm was turned on, and the fluorescence images were recorded. The signal intensity of the fluorescence images, which was directly proportional to the local concentration of fluorescent molecules, was analyzed along selected transects using tools of image analysis.
Results
Morphology of Ice Crystals. Ice single crystals in pure water at low supercooling (Fig. 3A) grew as circular plates. The two basal faces of the ice crystal (i.e., those parallel to the observation plane) appeared flat and even. At higher supercoolings (0.3°C to 0.5°C), rounded-tip dendritic structures grew in direction of the a axis.
The morphology of the crystals was clearly affected by fcIBP11 ( Fig. 3 D-L) . At low supercooling (ΔT = 0.1°C), the crystals became faceted and appeared as hexagonal plates at 0.3 μM (Fig. 3D ). Increases in fcIBP11 concentration up to 1.5 and 3 μM led to the formation of faceted stellar (Fig. 3G ) and daisy-like ( Fig. 3J) crystal shapes, respectively. At higher supercooling, the faceted shapes developed into dendritic morphologies. These dendrite branches were finer and sometimes skeletal, and their tips appeared less rounded than those residing in pure water. At 1.5 μM and 0.3°C supercooling, the angles between primary and secondary dendrites seemed to randomly deviate from the regular 60° (Fig. 3H , highlighted by dashed lines). The thickness of the crystals along the c direction became smaller with increasing protein concentration, such that, in some cases, it could barely be detected (Fig. 3J) .
The fcIBP11 molecules caused the formation of macrosteps, which appeared at irregular time intervals and were located randomly on the basal face. The lateral surface of the crystal, perpendicular to the basal face, was therefore characterized by a visible alternation of flat terraces and macrosteps. Irregularities in the form of pits on the basal face were overgrown by new layers of ice.
Growth Rates of Ice Crystals. The growth rates R c and R a of ice crystals in the c and a directions changed depending on supercooling and fcIBP11 concentration ( Figs. 4 and 5) .
fcIBP11 inhibited the growth of the basal face along the c axis (Fig. 4) . The suppression effect was more evident at ΔT > 0.3°C, when the slope of the growth rate curve decreased dramatically with increasing fcIBP11 concentration. Inhibition increased with increasing fcIBP11 concentration and is, therefore, consistent with the morphological observations of growth suppression along the c axis described above ( Fig. 3 D, G, and J) . The growth of ice in the a direction was suppressed at low supercoolings (ΔT = 0.1°C to 0.3°C and ΔT = 0.1°C in 0.3 and 1.5 μM fcIBP11 solutions, respectively) ( Fig. 5 ). When supercooling exceeded these values, crystal growth along the a axis became faster than in pure water. In contrast, the proteins enhanced ice growth in the a direction irrespective of the supercooling at fcIBP11 concentration of 3 μM.
Fluorescence Analysis. Laser confocal fluorescence microscopy showed the localization of the mKO-fcIBP11 molecules on different faces of an ice crystal. Before observation by fluorescence microscopy, we tested mKO-fcIBP11 using bright-field microscopy and confirmed that it caused the formation of similar ice crystal shapes like fcIBP11, indicating that fcIBP11 and mKO-fcIBP11 have comparable affinities for ice crystal faces.
Depicted in Fig. 6 are the laser confocal fluorescence microscopy images of growing ice crystals. The basal face was located in the image plane and in the focal plane (Fig. 6A ), and as one crystal was tilted by 90°, the basal face was oriented perpendicular to the image plane, with the focal plane set inside the crystal (Fig. 6B ). Fig. 6 , Lower represents the fluorescence signal intensities measured in the area marked by red rectangles in Fig. 6 , Upper. Fluorescence intensity on the basal face was significantly higher than that in the mKO-fcIBP11 solution surrounding the ice crystal, which suggests that the mKO-fcIBP11 molecules accumulated on the basal face. The fluorescence inside the crystal was lower than at the ice-liquid interfaces or in the bulk solution (Fig. 6B) .
Finally, we noted that, when the ice crystal growth was stopped and the crystal was neither growing nor melting (Fig. 7) , mKO-fcIBP11 also became visible on the prism faces, thereby indicating protein adsorption over these faces.
Discussion
Growth Kinetics of Ice Crystals. We show that the morphology of ice crystals strongly depends on supercooling and fcIBP11 concentration.
The shapes of the ice crystals observed in pure water are typical for crystals growing from their melt (27) . At low supercooling values (ΔT = 0.1°C), the ice crystal has a plate-like shape defined by two flat basal faces and a rounded lateral surface (Fig.  3A) . With increasing supercooling, a dendritic structure develops on the prism faces due to the morphological instability driven by the diffusion of latent heat. Under these conditions, the basal face is known to be molecularly smooth and to grow layer by layer, exhibiting a much slower growth rate than the rough lateral faces. The growth rates in the a and c directions determined in this study agree well with the data previously reported (28) .
fcIBP11 significantly inhibits the growth rate R c of the basal faces in the whole ranges of supercooling and fcIBP11 concentrations examined in this study as shown in Fig. 4 . This result strongly suggests that fcIBP11 molecules adsorb on the basal faces. The appearance of macrosteps ( Fig. 3 G and I) and pits ( Fig. 3 E and F) observed on the basal faces can be explained by the retardation of the lateral movement of elementary steps by adsorbed fcIBP11 molecules. An example of the process of the formation of macrosteps in a solution with impurities can be found in Land et al. (29) . Note that the decrease in the growth rate of the basal faces with increasing fcIBP11 concentration decreases the amount of latent heat generation, having the effect of increasing the supercooling over the lateral faces.
The effects of fcIBP11 on the growth of the prism faces exhibit more complicated results than those on the basal faces ( Figs. 3  and 5 ). When the fcIBP11 concentration is low (0.3 μM), the crystal has a hexagonal shape (Fig. 3D) at a supercooling of 0.1°C. The growth rate R a is lower than in pure water. This result clearly shows that fcIBP11 molecules adsorb on the prism faces and suppress their growth. In contrast, at higher supercooling (ΔT ≥ 0.3°C), the ice crystals exhibit a dendritic shape induced by morphological instability (Fig. 3 E and F) , and R a is accelerated beyond that of pure water. When the fcIBP11 concentration is higher (1.5 and 3.0 μM), the ice crystals exhibit a dendritic shape bounded by facets (prism faces), as evident in Fig. 3 G and J, and accelerated growth rates R a , even at ΔT < 0.3°C. This phenomenon can be explained by taking into account the following two processes: morphological changes of the ice crystal by fcIBP11 and the release of latent heat by the growing ice crystal. The mass growth rate of an ice crystal is determined by the balance between the production of latent heat and its dissipation. The tips of the dendritic crystal branches become sharper with increasing protein concentration, as shown in Fig. 3 , due to the fact that the growth of the lateral faces of the dendrite branches, which correspond to the prism faces adsorbed by fcIBP11, is suppressed. Consequently, the linear growth rate at the dendrite tip may be increased to compensate for the depression of latent heat release that occurs by the reduced growth of the lateral faces. Since the growth rate R c of the basal faces was also reduced by attachment of fcIBP11, the growth rate R a at the dendrites tips may be further increased. We conclude that the formation of facetted dendrites observed in the supercooled solution of fcIBP11 is caused by the anisotropic adsorption of this protein on the crystal surface.
The attachment of fcIBP11 to the basal and prism faces was further confirmed by laser confocal fluorescence microscopy. Fig.  6 shows an accumulation of fluorescent protein on the basal face of the ice crystal, which can be caused by different processes such as strong and permanent protein attachment to the basal plane, loose and reversible attachment, or rejection of the protein from the growing ice surface. However, we still detect a fluorescence signal on the basal face in Fig. 7 , which shows a crystal that is not growing. Therefore, we can conclude that the signal is not caused by rejected mKO-fcIBP11, since the molecules would have diffused away in the absence of crystal growth, not resulting in any specific signal over the basal face. Instead, our results indicate attachment of mKO-fcIBP11 or at least of a part of it to the basal face. With regard to the prism faces, when the ice crystal is growing (Fig. 6) , exposure time of the ice surface to the protein solution is relatively short, and mKO-fcIBP11 molecules cannot accumulate on the surface of the prism faces in an amount significant enough to produce a detectable fluorescence signal. However, when crystal growth is halted (and hence, exposure time increased) ( Fig. 7) , we see mKO-fcIBP11 accumulation on the prism faces. We, therefore, conclude that the fluorescence signal is a result of mKO-fcIBP11 molecules attaching to the ice surface.
The absence of a fluorescence signal from inside the ice crystal ( Fig. 6B) can be explained by a low concentration of mKO-fcIBP11 or by a conformation change of the mKO protein caused by its contact with ice. Both cases are conceivable. IBPs have been shown to be attached to ice strongly and irreversibly (30) (31) (32) , resulting in inclusion within the ice, while other IBPs display a reversible binding mode with detachment of the protein from the crystal surface on ice growth (33, 34) . Also, fluorescence can react in different ways to inclusion inside a crystal and can be either maintained (35) or lost (36) . After attachment to ice by fcIBP11, a destabilization of the mKO protein engulfed in the crystal can easily result in a reversible or irreversible change of its fluorescent properties. Further studies are needed to elucidate whether mKO-fcIBP11 is included in the ice crystal.
The inhibition influence of fcIBP11 can be described by the classical Cabrera-Vermilyea model (37) or similar pinning models (38, 39) . The proteins adsorbed on the crystal become obstacles for step and surfaces, and the curvature of the ice surface locally increases where the flow percolates through pinned fcIBP11 molecules.
Step flow and surface growth are reduced and eventually stop when the curvature reaches a critical radius as described by the Gibbs-Thomson equation. The adsorbed fcIBP11 molecules act as inhibitors to the growth of the basal and prism surfaces at low supercoolings (between 0.1°°C and 0.5°C) ( Figs. 4 and 5 ). In the case of the prism faces, this results in the formation of a ragged surface (instead of rounded interfaces typically observed in pure water) and in polygonized and sharp tips of the dendrites.
Note that some previous studies (28, 40) reported the possibility that IBPs may decrease the free energies of ice-water interfaces, resulting in faster growth kinetics and more pronounced morphological instability. In this study, the effect of fcIBP11 on the free energy of ice-water interfaces remains uncertain.
A Moderate IBP with Affinity to the Basal Face. IBPs have different effects on the growth of the basal face (an overview is presented in SI Appendix, Table S2 ). Detailed crystal growth analyses were carried out with fish AFGP7-8 (41) and fish AFP III (28) . Although attachment of AFGPs to the basal face has been reported (42) , results of growth analyses indicate that AFGPs and AFP III enhance crystal growth along the c axis, whereas fcIBP11 presented here has the opposite effect. The promotion of basal face growth is also displayed by other moderate fish IBPs as shown by morphological observations carried out with the smallest ice crystals observed by light microscopy (43, 44) . However, hyperactive IBPs suppress the growth along the c axis, and growing crystals display a planar dendritic pattern (2) . The DUF3494 IBP family is composed of several proteins: some moderate and others hyperactive. Different activities are sometimes displayed by the various isoforms of the same organism, despite high structural similarity (23) . However, irrespective of the activity of the protein, ice crystals in the presence of the wide majority of DUF3494 IBPs grow preferentially along the a axis (11, 15, 17, 45, 46) , and a similar behavior has been described for the LpIBP (21). In the field of IBPs, it has been previously assumed that moderate IBPs adsorb only on the lateral surface of the crystals and that hyperactive IBPs adsorb also on the basal faces. The ability to suppress or restrict crystal growth of the basal face has been repeatedly mentioned as the basis for hyperactivity (1, 3, 45, (47) (48) (49) . Our study clearly shows that fcIBP11 adsorbs on both basal and prism faces of ice crystals and thereby, inhibits growth along the c axis, similar to hyperactive IBPs. However, fcIBP11 is characterized by a moderate TH activity, similar to that of several DUF3494 IBPs (5, 11, 17, 18, 50) . Hence, we can conclude that fcIBP11 (and presumably, several other DUF3494 IBPs) should occupy a separate position in the wide spectrum of IBPs. We show that the suppression of growth of the basal face is necessary, but not sufficient, for hyperactivity. A few structural studies have highlighted the role of hydrophobicity of the IBS of DUF3494 IBPs and the relevance of its geometrical match to the ice surface for conferring hyperactivity to the proteins (10, 23, 45) . We suggest that the binding of fcIBP11 on ice crystal surfaces is much weaker than that of hyperactive IBPs (i.e., the binding energy of IBPs on ice crystal surfaces plays an important role in exhibiting hyperactive TH activity).
The natural environment of fcIBP11 is within sea ice brine inclusions, and the icy surface of these inclusions is dominated by the basal face (51) . It seems, therefore, of crucial relevance that fcIBP11 can attach to these planes (SI Appendix, SI Text). It is conceivable that fcIBP11s, secreted by the diatom cells, bind to the surface of the ice crystals enclosing the brine and affect their growth and morphology, increasing the habitability of the ice and possibly altering the physical properties and biogeochemical imprint (52, 53) .
Conclusions
We have observed that fcIBP11 induces significant modifications to the shapes of both bulk ice crystals and dendrites. Furthermore, fcIBP11 also affects the crystal growth rates R a and R c . This is manifested as reduced growth rates R c with increasing protein concentration and supercooling and as faceted ice crystals with reduced ice growth rates R a in the a direction or dendritic forms with increased R a , depending on the protein concentration and on supercooling. We conclude that fcIBP11 molecules attach to both the basal and prism faces as supported by microscopy observations with fluorescent mKO-fcIBP11 molecules.
The protein's effect on crystal growth rates R a can be explained by the morphological changes induced by fcIBP11 and their resulting effects on the balance between the production and the dissipation of latent heat. We speculate that the affinity of fcIBP11 for multiple crystal faces, including the basal face, is of crucial importance for survival within sea ice brine (where the basal face is dominant at the interface between ice and brine) and that the proteins actively shape the structure of their icy habitat. Finally, our observations clearly indicate that the basal plane affinity and reduction of growth of the basal face are not sufficient to explain the hyperactivity of IBPs.
